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GURYH WKH WHFKQRORJ\ RI  PLFURIDEULFDWLRQ DQG ODWHU WKH IDEULFDWLRQ RI LQWHJUDWHG FLUFXLWV UHVXOWHG LQ PXFKPRUH
HQKDQFHG QHHG IRU WKHVH WHFKQLTXHV ZKHUHLQ WUDQVLVWRUV ZHUH FRQQHFWHG ZLWK HDFK RWKHU DQG UHFRQQHFWHG RQ WKH
FLUFXLWERDUG3UHVHQWO\PLFURVWUXFWXUHVZLWKIHDWXUHVDURXQGȝPDUHFRPPHUFLDOO\DYDLODEOHLQVHPLFRQGXFWRUILHOG
%XWPRVWGHYLFHVPDGHXSRIWRȝPVWUXFWXUHVDUHEHLQJXWLOL]HGLQWKHILHOGRIPLFURHOHFWURQLFVPLFURIOXLGLF
GHYLVHVPLFURVHQVRUVPLFURDFWXDWRUVHWFZKLFKDUHPRVWO\PDGHRIPHWDOOLFPDWHULDOV+RZHYHUFHUDPLFPDWHULDOV
DUHQRWPXFKH[SORUHGWRWKLVOHYHORIILQHVFDOHFRPPHUFLDOO\DQGWHFKQRORJ\DYDLODELOLW\LQWKLVDUHDLVYHU\OLPLWHG
JOREDOO\0XFK VFRSH H[LVWV IRU GHYHORSPHQWRI IDEULFDWLRQ PHWKRGV WRPDNH FHUDPLFVWUXFWXUHVKDYLQJIHDWXUHVLQ
WKHRUGHURIWRP$OPHWDO
&HUDPLFPDWHULDOVRIIHUXQLTXHFDSDELOLWLHVLQKLJKWHPSHUDWXUHDQGRUFRUURVLYHDSSOLFDWLRQVDVZHOODVLQKRVWLOH
HQYLURQPHQWVOLNHZLWKOLYLQJWLVVXHV,QDGGLWLRQWRVWUXFWXUDODSSOLFDWLRQVFHUDPLFFRPSRQHQWVFDQVHUYHDVWKHUPDO
DQG HOHFWULFDO LQVXODWRUV DV FDWDO\VW VXSSRUWV RU DV ELRFRPSDWLEOH PDWHULDOV &HUDPLF PLFUR GHYLFHV KDYLQJ
PLFURIHDWXUHVLQWKHUDQJHRIPWRPDUHQHHGHGLQWKHHOHFWURQLFHOHFWULFDOFRQQHFWLRQVPLFURUHDFWRUV
PLFURIOXLGLFFKDQQHOVVRODUFHOOVSRZHUVHPLFRQGXFWRUVHQHUJ\VWRUDJHGHYLFHVPLFURVHQVRUVPLFURDFWXDWRUVHWF
'HSHQGLQJ RQ WKH DSSOLFDWLRQ WKH UHTXLUHPHQW PD\ EH  GLPHQVLRQDO PLFUR IHDWXUHG VWUXFWXUHV VXUIDFH PLFUR
IHDWXUHVDVZHOODV LQWHUFRQQHFWHGPLFURSRUHQHWZRUNVZLWKLQ WKHGLPHQVLRQDOVWUXFWXUHV0LFURVSKHUHVKDYLQJ
VXEPLFURSRURVLW\DUHXVHIXODVFRQWUROOHGGUXJGHOLYHU\GHYLFHVLQELRPHGLFDOILHOG6XHWDO'KDUDDQG%R
6X5LEHLURHWDO
&HUDPLF PLFURIDEULFDWLRQ HIIRUWV DLPHG DW GHYHORSLQJ SURFHVVHV IRU SURGXFLQJ FHUDPLF VKDSHV ZLWK VXUIDFH
PLFURIHDWXUHV DUUD\ GHYLFHV RU PLFURSRURXV VKDSHV SURYLGHV XQLTXH FKDOOHQJHV LQ PDFKLQLQJ WKH KDUG EULWWOH
PDWHULDOV 7R RYHUFRPH WKHVH GLIILFXOWLHV WKHUH FDQ EH YDULRXV DSSURDFKHV ,Q WKH ILUVW JUHHQ FHUDPLF FDVW VKDSHV
KDYLQJWKHUHTXLUHGPLFURSDWWHUQVHLWKHURQWKHVXUIDFHRULQWHUQDOPLFURSRUHVFDQEHGLUHFWO\UHSOLFDWHGIURPWKH
PRXOGV E\ FDVWLQJ PHWKRGV 6LJPXQG HW DO  ,VKLNDZD HW DO  7KH VHFRQG DSSURDFK LQYROYHV PLFUR
PDFKLQLQJ RI WKH JUHHQ FDVW EORFNV 'KDUD DQG %R 6X  ZKHUH DV WKH WKLUG DSSURDFK LV WR EXLOG WKUHH
GLPHQVLRQDOVWUXFWXUHVKDYLQJLQWHUQDOPLFURIHDWXUHVE\OD\HUE\OD\HUGHSRVLWLRQRIPDWHULDOE\FRPSXWHUFRQWUROOHG
GHYLVHV PRXOGOHVVFDVWLQJ &HVDUDQRHWDO0DUWLQHWDO
)DEULFDWLRQ RI PLFUR SDWWHUQHG FHUDPLFV RU FHUDPLF PLFURSDUWV GLUHFWO\ IURPPRXOGV WKURXJK FDVWLQJ PHWKRG
PDNHKLJKGHPDQGVRQWKHSUHFLVLRQDQGUHVROXWLRQRIWKHPRXOGLQJSURFHVV$VILQLVKLQJRIPLQLDWXULVHGRUPLFUR
SDWWHUQHGFHUDPLFFRPSRQHQWVLVQHDUO\LPSRVVLEOHVKDSLQJKDVWREHGRQHE\DUHSOLFDWLRQVWHSLQWKHJUHHQXQILUHG
VWDWH7KHSUHSDUDWLRQRIKLJKO\VROLGORDGHGKRPRJHQHRXVO\GLVSHUVHGORZYLVFRVLW\VOLSVRIILQHFHUDPLFSRZGHUV
ZKLFKLQYROYHVEDVLFVFLHQWLILFVWXG\LVKLJKO\FUXFLDOIRUUHSOLFDWLQJILQHPLFURIHDWXUHVLQWKHJUHHQERG\%HVLGHV
SURSHUIHHGVWRFNSUHSDUDWLRQDQGVXIILFLHQWVPDOOJUDLQVL]HWKHTXDOLW\RIWKHILQDOFRPSRQHQWVLVPDLQO\LQIOXHQFHG
E\WKHTXDOLW\RIWKHPRXOGXVHGWRFDVW,QWKLVDSSURDFKVOLSFDVWLQJDQGJHOFDVWLQJDUHXVHG5DPDFKDQGUD5DRHW
DO,VKLNDZDHWDO0DUWLQHWDO
6OLSFDVWLQJJHQHUDOO\ LQYROYHVSUHSDUDWLRQRIKLJKVROLG ORDGHGZHOOGLVSHUVHGVOLS LQGHLRQLVHGZDWHUZKLFK LV
SRXUHG LQWR SODVWHU RI 3DULV PRXOG KDYLQJ PLFURIHDWXUHV /LTXLG LV DEVRUEHG E\ WKH PLFURSRURXV PRXOG WKURXJK
FDSLOODU\ DFWLRQ WR SURGXFH JUHHQ FHUDPLF FRPSDFWV 7KHVH VOLS FDVW JUHHQ ERG\ LV JHQHUDOO\ YHU\ IUDJLOH EHIRUH
VLQWHULQJDQGKHQFHWKHSURFHVVPD\EHDSSOLFDEOHWRVLPSOHVKDSHV5DPDFKDQGUD5DRHWDO
2Q WKH RWKHU KDQG JHO FDVWLQJ XVHV V\VWHPV RI FHUDPLF VOLSV FRQWDLQLQJ DERXW RI RUJDQLFV 7KHVH RUJDQLFV
XQGHUJRJHODWLRQHLWKHUE\SRO\PHUL]DWLRQRIWKHPRQRPHULQLWRU E\DOORZLQJWKHH[LVWLQJSRO\PHUVWRFURVVOLQNLQ
VROXWLRQ7KLVSRO\PHULFQHWZRUNSURYLGHVWKHQHFHVVDU\VWUHQJWKIRUUHWHQWLRQRIVKDSHVLQWKHDVFDVWFRQGLWLRQDV
ZHOODVVXIILFLHQWVWUHQJWKIRUGLUHFWPDFKLQLQJRIWKHJUHHQERG\WRUHTXLUHGVKDSHDQG GLPHQVLRQV7KLVWHFKQLTXH
PD\EHDGRSWHGIRUSURGXFLQJPLFURIHDWXUHGDUWLFOHVHLWKHUE\GLUHFWFDVWLQJRQPLFURPRXOGVRUE\PLFURPDFKLQLQJ
RIFDVWJUHHQERG\7KHSURFHVVRISURGXFLQJPLFURSDWWHUQVE\PDFKLQLQJRIWKHEXONJUHHQERG\LVLQIOXHQFHGE\
FUXFLDOSDUDPHWHUVOLNHJUHHQERG\VWUHQJWKELQGHUFRQWHQWJUDLQVL]HPDFKLQLQJWRRODFFXUDF\HWF2PHWHWHHWDO
'KDUDDQG%R6X5DQMLWK.XPDUHWDO
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0RXOGOHVVFDVWLQJLVDSURFHVVWKDWGRHVQRWUHTXLUHPRXOGV7KHFHUDPLFVOXUU\ LVSUHSDUHGZLWKQHJOLJLEOHRUQR
RUJDQLFVDWDOODQGWKHKLJKVROLGORDGLQJLQWKHVOXUU\JLYHULVHWRSVHXGRSODVWLFRUVKHDUWKLQQLQJEHKDYLRU8VLQJ
WKLVSULQFLSOHWKHVOXUU\FRXOGEHH[WUXGHGWKURXJKDILQHQR]]OHDQGGHSRVLWHGDVSODQDUOD\HUVLQ; <GLUHFWLRQE\
DSSURSULDWH DQG FRQWLQXRXV PRYHPHQW RI WKH QR]]OH KHDG 6HTXHQWLDO OD\HUV DUH EXLOW XS E\ VKLIWLQJ QR]]OH
PRYHPHQW LQ WKH = GLUHFWLRQ WR UHDOL]H D  GLPHQVLRQDO ERG\ 7KH ; < DQG = PRYHPHQW RI WKH QR]]OH LV LQ
DFFRUGDQFHZLWK WKH  GLPHQVLRQDO GHVLJQ GDWD 7KH SURFHVV UHTXLUHV RSWLPL]DWLRQ RI WKH UKHRORJ\ RI WKH VOXUU\
GLVSHQVLQJ DQG GHSRVLWLRQ UDWH QR]]OH GLDPHWHU GU\LQJ RI WKH GLVSHQVHG PDWHULDO DQG WKH V\QHUJ\ DPRQJ WKHVH
SDUDPHWHUV6LJPXQGHWDO&HVDUDQRHWDO/HZLV /XHNHUVHWDO
7KH SUHVHQW ZRUN LV DLPHG DW H[SORULQJ LPSURYHG PHWKRGRORJ\ LQYROYLQJ K\EULG WHFKQLTXHV IRU IDEULFDWLQJ
FHUDPLFREMHFWVKDYLQJPLFURSDWWHUQVRUIHDWXUHVLQWKHUDQJHRIWRȝP'LIIHUHQWDSSURDFKHVVWXGLHGDUHVOLS
FDVWLQJ JHO FDVWLQJPLFURPDFKLQLQJRI JHO FDVW JUHHQERG\ DQGPRXOGOHVV FDVWLQJRI DOXPLQDSDVWHKDYLQJ VKHDU
WKLQQLQJUKHRORJ\
 ([SHULPHQWDO3URFHGXUHV
&RPPHUFLDOO\ DYDLODEOH$O2 0V$&&$OFRD LV XVHG IRU FROORLGDO SURFHVVLQJ IROORZHGE\ VOLS FDVWLQJ JHO
FDVWLQJDQGPRXOGOHVVFDVWLQJ6OLSFDVWLQJDQGPRXOGOHVVFDVWLQJVOXUULHVZHUHPDGHLQGHLRQLVHGZDWHU',:ZLWK
VPDOODPRXQWVRIELQGHURUDGGLWLYHV IRUPRXOGOHVVFDVWLQJH[SHULPHQWV2Q WKHFRQWUDU\JHOFDVWLQJVOXUULHVZHUH
PDGHLQGHLRQLVHGZDWHU ZLWKDFU\ODPLGH$0PRQRPHUDPPRQLXPSHUR[RGLVXOSKDWH$36LQLWLDWRUVERWKIURP
0V0HUFN /LPLWHG0XPEDL11¶0HWK\OHQH ELVDFU\ODPLGH 0%$0 DV FURVV OLQNHU DQG111¶1´ WHWUDPHWK\O
HWK\OHQHGLDPLQH7(0('ERWKIURP65/DERUDWRULHV0XPEDLDVFDWDO\VW
7KH$O2 SRZGHUZDVFKDUDFWHUL]HGIRUFU\VWDOORJUDSKLFSKDVHSXULW\E\[UD\GLIIUDFWLRQ;5''0$;
0V 8OWLPD 5LJDNX -DSDQ 7KH SDUWLFOH VL]H GLVWULEXWLRQ RI WKH SRZGHU  9RO ZDV GHWHUPLQHG E\ ;UD\
VHGLPHQWDWLRQ WHFKQLTXH 6HGLJUDSK 0V0LFURPHULWLFV 86$ 7KH ]HWD SRWHQWLDO RI WKH DOXPLQD SRZGHUV
GLVSHUVHGLQGHLRQLVHGZDWHU',:DQG',:PRQRPHUSUHPL[VROXWLRQDQGZLWKDGGLWLRQRIGLVSHUVDQW'DUYDQ
$ 0V 5 7 9DQGHUELOW FRPSDQ\ 86$ ZHUH PHDVXUHG DV D IXQFWLRQ RI S+ XVLQJ ]HWD SRWHQWLDO DQDO\]HU
+6$0V0DOYHUQ,QVWUXPHQWV8.
7KHGLVSHUVDELOLW\RIWKHSRZGHUSDUWLFOHVLQGHLRQL]HGZDWHU',:DVZHOODV',:PRQRPHUSUHPL[VROXWLRQ
ZDVVWXGLHGDVDIXQFWLRQRIS+DQGZLWKWKHDGGLWLRQRIGLVSHUVDQW E\FDUHIXOO\H[DPLQLQJWKHVHGLPHQWDWLRQ
EHKDYLRU RI 9RO VROLG ORDGHG VXVSHQVLRQ DV D IXQFWLRQRI WLPH7KHYLVFRVLW\ DQG UKHRORJLFDO EHKDYLRXURI
$O2 VOXUU\LQ',:DQG',:PRQRPHUVROXWLRQZDVVWXGLHGXVLQJDURWDWLRQDOYLVFRPHWHU9LVFRWHVWHU 97
0V+DDNH*HUPDQ\LQWKHVKHDUUDWHUDQJHRIWR67KHPHDVXUHPHQWVZHUHPDGHDVDIXQFWLRQRIS+
DQGGLVSHUVDQWFRQFHQWUDWLRQIRU:WVROLGORDGHGVOXUU\
&RQFHQWUDWHG DTXHRXV VOLSV 9RORI$O2 SUHSDUHGXVLQJRSWLPXP DPRXQWRI WKHGLVSHUVLQJ DJHQWZDV
PLOOHG LQ D SRO\WKHQH ERWWOH ZLWK $O2 EDOOV DVPLOOLQJPHGLD IRU K DQG WKH KRPRJHQL]HG VOLS ZDV FDVW LQ WR
SODVWHUPRXOGVWRSUHSDUHGLVFEDUDQGRWKHUVKDSHGVSHFLPHQV0LFURWXEXODUVSHFLPHQVKDYLQJZDOO WKLFNQHVVRI
 ± PZHUHSUHSDUHGE\GUDLQ FDVWLQJ WKH VOXUU\ XVLQJ VSOLWPRXOG2Q WKHRWKHU KDQG WKHPRXOGV IRU JHO
FDVWLQJH[SHULPHQWVZHUHSUHSDUHGZLWKDOXPLQLXPPHWDOWRSURGXFHVLPSOHVKDSHVOLNHUHFWDQJXODUEORFNVFLUFXODU
GLVFV EDUV DQG VKDSHV KDYLQJ  WR PP FKDQQHOV RQ WKH VXUIDFH DV ZHOO DV DOJLQDWH DQG SRO\VLOR[DQH UXEEHU
PRXOGVKDYLQJPLFURIHDWXUHVLQWKHUDQJHRIWRP*HOFDVWLQJH[SHULPHQWVZHUHFDUULHGRXWXVLQJWR
9RO $O2 VOXUU\ SUHSDUHG XVLQJ RSWLPXP DPRXQW RI GLVSHUVDQW PRQRPHU FURVV OLQNLQJ DJHQW LQLWLDWRU DQG
FDWDO\VW 7KH JUHHQ GHQVLW\ RI WKH VOLS FDVW DQG JHO FDVW VDPSOHV ZHUH PHDVXUHG E\ ZHLJKW DQG GLPHQVLRQDO
PHDVXUHPHQWV
,QWKHPRXOGOHVVFDVWLQJH[SHULPHQWVWKHVROLGORDGLQJRIWKH$O2 VOXUU\ZDVLQFUHDVHGWRDERXW9RODQG
WUDQVIRUPHG LQWR D SDVWH IRUP E\ FRQWURO RI VXUIDFH FKHPLVWU\ 7KH SDVWH KDYLQJ VKHDU WKLQQLQJ EHKDYLRU ZDV
H[WUXGHGWKURXJKDQR]]OHRIPPGLDPHWHUDQGFDVW LQWRGLPHQVLRQDOERG\RIVLPSOHUHFWDQJXODUFLUFXODU
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DQG FXUYHG VKDSHV DVZHOO DV WKUHHGLPHQVLRQDO VFDIIROG VWUXFWXUHV KDYLQJ LQWHUFRQQHFWHG FKDQQHOHGSRUHVKDYLQJ
GLDPHWHUVLQWKHUDQJHRIWRP
7KHELQGHUEXUQRXWH[SHULPHQWVZHUHFDUULHGRXW IRU JHOFDVW VDPSOHVDW WKH WHPSHUDWXUHRI& LQD VLOLFRQ
FDUELGH IXUQDFH 0V 7KHUHOHFN (QJLQHHUV %DQJDORUH 7KH VOLS FDVW JHO FDVW DQG PRXOGOHVV FDVW VDPSOHV ZHUH
VLQWHUHG LQ WKH WHPSHUDWXUH UDQJH RI  WR & IRU RQH KRXU XVLQJ VXSHU NDQWKDO IXUQDFH 0V 7KHUHOHFN
(QJLQHHUV %DQJDORUH 7KH VLQWHUHG VDPSOHV ZHUH FKDUDFWHUL]HG IRU GHQVLW\ E\ ZHLJKW DQG YROXPH PHWKRG DQG
DSSDUHQWSRURVLW\E\$UFKLPHGHVSULQFLSOHSRLQWIOH[XUDOVWUHQJWKRIWKHEDUVSHFLPHQVZHUHGHWHUPLQHGE\XVLQJ
XQLYHUVDOWHVWLQJPDFKLQH0RGHO==:,&.*PEK*HUPDQ\DWDFURVVKHDGVSHHGRIPPSHUPLQXWHDQG
VSDQOHQJWKRIPPIRUJHOFDVWDQGVOLSFDVWVDPSOHV7KHVLQWHUHGVDPSOHVZHUHSROLVKHGDQGHWFKHGZLWK+)
VROXWLRQ 7KH PLFURVWUXFWXUH RI WKH SROLVKHG DQG HWFKHG DV ZHOO DV IUDFWXUHG VXUIDFHV ZHUH VWXGLHG E\ VFDQQLQJ
HOHFWURQPLFURVFRS\6(0/HR0V/HR(QJODQG
 5HVXOWVDQGGLVFXVVLRQ
&U\VWDOORJUDSKLFSKDVHDQGSDUWLFOHVL]HDQDO\VLV
7KH[UD\GLIIUDFWLRQ DQDO\VLV VKRZWKDWWKHSRZGHULVSXUHĮ$O2 ZLWK QRDGGLWLRQDOSKDVHV7KHSDUWLFOHVL]H
GLVWULEXWLRQFXUYHVRI$O2 GLVSHUVHGLQ ',: DVDIXQFWLRQRIGLVSHUVDQWDQGPRQRPHUDGGLWLRQVDUHSUHVHQWHGLQ
)LJ  7KH UHVXOWV VKRZ WKDW $O2 SDUWLFOHV GLVSHUVHG LQ ',: DV ZHOO DV LQ ',:  PRQRPHU DUH KLJKO\
DJJORPHUDWHGDV WKHLUSDUWLFOHVL]HGLVWULEXWLRQFXUYHV DUHVKLIWHG WRZDUGV WKHFRDUVHU UDQJHDQG WKH\VKRZQDUURZ
VL]HGLVWULEXWLRQ>FXUYHVDQGIURPOHIW@2QWKHRWKHUKDQGWKHSDUWLFOHVDUHZHOOGLVSHUVHGZKHQ'DUYDQ$LV
XVHGDVGLVSHUVDQW>FXUYHVDQGIURPOHIW@7KHEHVWUHVXOWVVKRZWKDWWKHDYHUDJHSDUWLFOHGLDPHWHUG LVDURXQG
P
 =HWDSRWHQWLDODQDO\VLV
(IIHFWRIS+DQGGLVSHUVDQWRQWKH]HWDSRWHQWLDORIFRPPHUFLDODOXPLQDSDUWLFOHVȝPGLVSHUVHGLQGHLRQLVHG
ZDWHU',:DQG',:PRQRPHU0SUHVHQWHGLQ)LJ  VKRZVWKDWWKHDGGLWLRQRIPRQRPHUKDVYHU\OLWWOHHIIHFW
RQWKHGLVSHUVDELOLW\RIWKHSRZGHUZKHUHDVWKHDGGLWLRQRIGLVSHUVDQWUHVXOWHGLQLQFUHDVHG]HWDSRWHQWLDOYDOXHVLQ
WKHS+UDQJHRIWR7KLVLQGLFDWHVWKHSRZGHUKDVEHWWHUGLVSHUVDELOLW\RQ DZLGHUS+UDQJH
)LJ&XPXODWLYHPDVVSHUFHQWILQHUYHUVXVSDUWLFOH
GLDPHWHUFXUYHVIRU$O2
)LJ=HWDSRWHQWLDORI$O2 DVDIXQFWLRQRIS+LQGHLRQLVHGZDWHU
',: ',: PRQRPHU0DQG',:0'LVSHUVDQW'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 6HGLPHQWDWLRQ EHKDYLRXU
7KHVHGLPHQWDWLRQEHKDYLRURI$O2 SDUWLFOHVGLVSHUVHG LQ ',: DQGDPL[WXUHRI ',: DQGPRQRPHUVROXWLRQ
SUHVHQWHG DV D IXQFWLRQ RI S+ LQ )LJ VKRZ WKDW WKH SUHVHQFH RI PRQRPHU KDV RQO\ PDUJLQDO HIIHFW RQ WKH
GLVSHUVDELOLW\RIWKHSRZGHU2QWKH RWKHUKDQGWKHDGGLWLRQRIGLVSHUVDQWUHVXOWHGLQFRQVLGHUDEOHHIIHFWRQWKH
GLVSHUVDELOLW\ RI WKH DOXPLQD SRZGHU DV SUHVHQWHG LQ )LJ )URP WKH ILJXUH LW LV IRXQG WKDW WKH VXEPLFURQ VL]HG
DOXPLQDSDUWLFOHVDUHGLVSHUVHGZHOOLQWKHS+UDQJHRIWRDWDOOWLPHLQWHUYDOVRIKUWRKUVZKHUHDVKLJK
DJJORPHUDWLRQRFFXUVLQWKHS+UDQJHRIWR$WS+DQGHYHQWKRXJKWKHSDUWLFOHVDUHZHOOGLVSHUVHGLQLWLDOO\
XS WRKU WKH\EHFRPHXQVWDELOL]HG ODWHU DQGKHQFH VHGLPHQWDWLRQ KHLJKW LQFUHDVHV 7KHVHREVHUYDWLRQV DUHYHU\
ZHOOFRUUHODWHGWRWKH]HWDSRWHQWLDOYDOXHVDWWKHUHVSHFWLYHFRQGLWLRQVSUHVHQWHGLQ)LJ
9LVFRVLW\DQGUKHRORJLFDOEHKDYLRXU
7KHYLVFRVLW\ DQG UKHRORJLFDO EHKDYLRU RI$O2 GLVSHUVHG LQ ',: PRQRPHUZKHQ VWXGLHG DV D IXQFWLRQRI
VROLGORDGLQJLWZDVIRXQGWKDW WKHYLVFRVLW\LQFUHDVHVIURPDERXWP3DVWRP3DVDW WKHVKHDUUDWHRI6
ZLWKWKHLQFUHDVHLQVROLGORDGLQJIURP:WWR:W7KHYLVFRVLWLHVPHDVXUHGDVDIXQFWLRQRIS+IRU$O2
GLVSHUVHGLQ ',:DQG',:PRQRPHUDUHSUHVHQWHGLQ)LJ 7KHORZHUYLVFRVLWLHVLQWKHS+UDQJHRIWR DQGDW
S+  WR LQGLFDWH RSWLPDO GLVSHUVLRQ ZKLOH KLJK YLVFRVLW\ DW S+  DQG  DUH WKH FKDUDFWHULVWLFV RI IORFFXODWHG
VXVSHQVLRQ7KHYDULDWLRQRI YLVFRVLW\ZLWK UHVSHFW WRGLVSHUVDQW FRQFHQWUDWLRQVSUHVHQWHG LQ)LJ  VKRZ WKDW WKH
SUHVHQFHRIGLVSHUVDQWGUDVWLFDOO\LPSURYHVWKHGLVSHUVLRQRI$O2 SDUWLFOHVUHVXOWLQJLQGHFUHDVHLQYLVFRVLW\7KH
ORZHUYLVFRVLW\IRUWKHVOXUULHVPDGHZLWKWRGLVSHUVDQWLQGLFDWHRSWLPDOGLVSHUVLRQ
)LJ6HGLPHQWDWLRQKHLJKW9VS+IRU$O2 LQ',:DQG
',:0RQRPHU
)LJ6HGLPHQWDWLRQKHLJKW9VS+IRU$O2 LQ',:
0RQRPHU'LVSHUVDQWDVDIXQFWLRQRIWLPH
)LJ9LVFRVLW\9VS+IRU$O2 LQ',:DQG',:
0RQRPHU
)LJ9LVFRVLW\9V6KHDUUDWHIRU$O2 DVDIXQFWLRQRI
GLVSHUVDQWFRQFHQWUDWLRQV
6HGLPHQWDWLRQKHLJKW9VS+IRU$OXPLQD





   
S+
6
HG
LP
HQ
WK
HL
JK
W
FP

',:
',:0





      
S+
6
HG
LP
HQ
WK
HL
JK
W
FP

+U
+U
+U
9LVFRVLW\9VS+IRU$OXPLQDLQ',:	',:
0RQRPHU





      
S+
9
LV
FR
VL
W\
P
3
D
V
',:
',:0
9LVFRVLW\9V6KHDUUDWHIRU$OXPLQDLQ
',:0RQRPHU'LVSHUVDQW





   
6KHDUUDWH6
9
LV
FR
VL
W\
P
3
D
V




2600   R. Ramachandra Rao et al. /  Procedia Materials Science  5 ( 2014 )  2595 – 2604 
6OLSFDVWLQJJHOFDVWLQJDQGPRXOGOHVVFDVWLQJRIDOXPLQD
%DVHG RQ WKH UHVXOWV RI ]HWD SRWHQWLDO VHGLPHQWDWLRQ YLVFRVLW\ DQG IORZ EHKDYLRU VWXGLHV RQ WKH GLVSHUVLRQ
EHKDYLRURI$O2 SRZGHULQ ',:DQG',:PRQRPHU DERXWWRRIGLVSHUVDQWVZHUHXVHGWRSUHSDUHKLJK
VROLG ORDGHG VOLSV IRU VOLSFDVWLQJJHOFDVWLQJDQG PRXOGOHVVFDVWLQJ H[SHULPHQWV7KHVOLSFRQGLWLRQV DQGWKH JUHHQ
GHQVLW\RIWKHVDPSOHVREWDLQHGDUHSUHVHQWHGLQWDEOH
7DEOH6OLSFRQGLWLRQVDQGJUHHQGHQVLW\RIWKHFDVW$O2 VDPSOHV
&DVWLQJSURFHVV 'LVSHUVLQJPHGLXP $GGLWLYHV 6ROLGORDGLQJ
9RO
*UHHQGHQVLW\
6OLSFDVWLQJ ',: 'LVSHUVDQW   
*HO&DVWLQJ ',:0RQRPHU 'LVSHUVDQW,QLWLDWRU
&DWDO\VW
 
0RXOGOHVV&DVWLQJ ',: 'LVSHUVDQW%LQGHU

 
,W KDV EHHQ IRXQG WKDW LUUHVSHFWLYH RI WKH GLIIHUHQW VOXUU\ IRUPXODWLRQV DQG WKH VROLG ORDGLQJ XVHG WKH JUHHQ
GHQVLW\DFKLHYHGIURPDOOWKHFDVWLQJWHFKQLTXHVDUHFRPSDUDEOHWRHDFKRWKHU7KHODUJHGLIIHUHQFHEHWZHHQWKHVROLG
ORDGLQJDQGWKHJUHHQGHQVLW\IRUVOLSFDVWVDPSOHVLVDWWULEXWHGWRWKHLPSURYHGSDFNLQJRIFROORLGDOO\GLVSHUVHGILQH
SDUWLFOHVDFKLHYHGWKURXJKIRUFHGUHPRYDORIZDWHUWKURXJKFDSLOODU\VXFWLRQSUHVVXUHE\WKHSRURXVPRXOGVXUIDFH
2Q WKHRWKHUKDQG WKLVGLIIHUHQFH LVPLQLPXP LQJHOFDVW DQG URERFDVW VDPSOHVGXH WR WKHDEVHQFHRI VXFK IRUFHV
LQIOXHQFLQJSDFNLQJRISDUWLFOHV
5HODWLRQEHWZHHQVROLGORDGLQJDQGJUHHQGHQVLW\ LQJHOFDVWVDPSOHV
7KH SRO\PHUIRUPHGGXULQJVHWWLQJRIWKHJHOFDVWFHUDPLFVDPSOHVDFWVDVDELQGHUDQGJLYHVVXIILFLHQWKDQGOLQJ
VWUHQJWKWRWKHJUHHQERG\)XUWKHUWKLVRUJDQLFELQGHU LPSDUWVPDFKLQDELOLW\ WRWKHFHUDPLFJUHHQERG\DQGOHDGVWR
REWDLQLQJIHDWXUHVZKLFKLVGLIILFXOW WRDFKLHYHDIWHUVLQWHULQJ 7KHJUHHQGHQVLW\ZLOODOVREHDIIHFWHGE\ WKHVROLG
ORDGLQJXVHGGXULQJFDVWLQJ7KHHIIHFWRIVROLGORDGLQJRQWKHJUHHQGHQVLW\RIWKHJHOFDVW$O2 SRZGHUVSUHVHQWHG
LQ )LJ  VKRZ WKDW WKH ELQGHU FRQWHQW YDULHV EHWZHHQ  WR  DQG WKH JUHHQ GHQVLW\ YDULHG IURP WR  IRU
VOXUULHVKDYLQJVROLGORDGLQJ RIWR:WWR9RO
)LJ(IIHFWRI6ROLG/RDGLQJRQWKH*UHHQ GHQVLW\RI*HOFDVW$OXPLQD
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0HFKDQLFDOSURSHUW\RI JHOFDVW$O2 JUHHQERG\ DQGPDFKLQDELOLW\
:LWKUHVSHFWWRWKHPHFKDQLFDOSURSHUW\RIWKHJUHHQERG\WKHJHOFDVWVDPSOHVH[KLELWKLJKHVWVWUHQJWKGXHWRWKH
JHOQHWZRUNIRUPHGE\SRO\PHUL]DWLRQ ZKLOHVOLSFDVWVDPSOHVDUHKLJKO\IUDJLOHGXHWRWKHDEVHQFHRIDQ\ELQGHU
2Q WKH RWKHU KDQG PRXOGOHVV FDVW VDPSOHV H[KLELW LQWHUPHGLDWH PHFKDQLFDO DQG KDQGOLQJ SURSHUW\ ZKLFK FDQ EH
DWWULEXWHGWRVPDOODPRXQWRIRUJDQLFELQGHUXVHG7KHJHOFDVW$O2 JUHHQVDPSOHVKDYLQJJUHHQGHQVLW\RI r
VKRZSRLQWIOH[XUDOVWUHQJWKYDOXHVRI r 03D
7KHPDFKLQDELOLW\RIWKHJHOFDVWJUHHQVDPSOHVZHUHSURYHGE\ GULOOLQJKROHVRIWRPPGLDPHWHUDQGPLOOLQJ
PPZLGWK FKDQQHOV XVLQJ FRQYHQWLRQDOPDFKLQHV DV ZHOO DV E\PLFURPDFKLQLQJ XVLQJ ȝP DQG ȝP WRRO
/DVHUPDFKLQLQJZDV FDUULHG RXW WR SURGXFH ȝP VOLWV LQ VLQWHUHG DOXPLQD GLVFV KDYLQJ PP WKLFNQHVV )LJ 
SUHVHQWVWKHSKRWRJUDSKVRIVLQWHUHGJHOFDVW$O2 VDPSOHVKDYLQJPLFURIHDWXUHVZLWKRXWDQ\FUDFNLQJRUGLVWRUWLRQ
D E &
)LJ  *HO FDVW VLQWHUHG$O2 D 6XEVWUDWH IRU0(06EDVHG VHQVRUV E$UUD\ RI0LFUR SLOODUV 3LOODUZLGWK    r PP
&KDQQHOZLGWK  r ȝPF&DQWLOHYHUVWUXFWXUHKDYLQJVOLWRI ȝP
 %LQGHUEXUQRXWDQGVLQWHULQJRIFDVWDOXPLQD
7KHJUHHQGHQVLW\ RIJHOFDVWVDPSOHV GHFUHDVHGE\DERXWWRDIWHUELQGHUEXUQRXWH[SHULPHQWVDW&IRU
RQHKRXUGXHWRORVVRIWKHRUJDQLFELQGHU7KHVDPSOHVSURGXFHGIURPWKUHHGLIIHUHQWWHFKQLTXHVZHUHVLQWHUHGLQ
WKHWHPSHUDWXUHUDQJHRIWR&IRURQHKRXU7KHVLQWHUHGGHQVLW\DQGDSSDUHQWSRURVLW\RIWKHVOLSFDVWDQG
JHOFDVWVDPSOHVDUHSUHVHQWHGLQWDEOH
7DEOH'HQVLW\DQGSRURVLW\GDWDRIWKHVLQWHUHGVOLSFDVWDQGJHOFDVW$O2
6LQWHULQJ
WHPSHUDWXUH&
6OLSFDVW$O2 *HOFDVW$O2
6LQWHUHGGHQVLW\ $SSDUHQW
SRURVLW\
6LQWHUHGGHQVLW\ $SSDUHQW
SRURVLW\:W9RO $UFKLPHGHV :W9RO $UFKLPHGHV
      
      
      
)URPWKHUHVXOWVSUHVHQWHGLQWDEOHLWLVIRXQGWKDW&WR&LVWKHRSWLPXPVLQWHULQJWHPSHUDWXUHIRU
WKH $O2 SRZGHU VHOHFWHG ,Q FRPSDULVRQ ZLWK VOLS FDVW DQG JHO FDVW VDPSOHV WKH PRXOGOHVV FDVW VDPSOHV VKRZ
VLQWHUHGGHQVLW\LQWKHUDQJHRI WRDVPHDVXUHGE\$UFKLPHGHVSULQFLSOH7KHGHQVLW\YDOXHVRI WR
DFKLHYHGE\WKHWKUHH GLIIHUHQW FDVWLQJPHWKRGVSURYHVWKHVXLWDELOLW\RIWKHVHWHFKQLTXHVIRUIDEULFDWLQJWKHSURGXFWV
+RZHYHUWKHVHOHFWLRQRIWKHPHWKRGVGHSHQGVXSRQWKHVKDSHDQGFRPSOH[LW\RIWKHSURGXFWVWREHIDEULFDWHG
7KHSRLQWIOH[XUDOVWUHQJWKYDOXHVIRUWKHVOLSFDVWVDPSOHVZHUH IRXQGWREH03DZKLOHIRUJHOFDVW
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VDPSOHVLWZDV03D7KHVOLJKWO\ORZHUEHQGLQJVWUHQJWKYDOXHVRIJHOFDVWVDPSOHVDVFRPSDUHGWRVOLS
FDVWVDPSOHVDUHDWWULEXWHGWRWKHVXUIDFHURXJKQHVVDQGSRVVLEOHPLFURGHIHFWVRQWKHHGJHVRIWKH VDPSOHVDVZHOODV
RQ WKHZDUSDJHRFFXUUHG LQ WKHJHO FDVW VDPSOHV2Q WKH FRQWUDU\ WR WKH UHFWDQJXODU EDU VKDSHG VDPSOHVREWDLQHG
IURP VOLS DQG JHO FDVWLQJPHWKRGV WKLQ ILODPHQWV RI DERXW  WR PPGLDPHWHU REWDLQHG E\PRXOGOHVV FDVWLQJ
ZKHUHVXEMHFWHGWRSRLQWEHQGLQJWHVWXVLQJPPVSDQ7KHVHVDPSOHVKDYHVKRZQVWUHQJWKYDOXHVRIDERXW
 03D 7KHVH UHVXOWV DUH YHU\ PXFK SURPLVLQJ LQGLFDWLQJ KLJK PHFKDQLFDO SURSHUWLHV IRU WKH PRXOGOHVV FDVW
VDPSOHV )XUWKHU WKH VLQWHUHG URERFDVW VDPSOHV KDYLQJ VXFFHVVLYH OD\HUV ZHUH LQWDFW ZLWKRXW GHODPLQDWLRQ DQG
FUDFNLQJRUPDFURVFRSLFGHIHFWV
7KH6(0SKRWRJUDSKVRI WKH IUDFWXUHGVXUIDFHVRI VOLSFDVW DQGJHOFDVW VDPSOHVDUH VKRZQ LQ)LJDE7KH
KRPRJHQHRXVPLFURVWUXFWXUH DQG WKH DYHUDJH JUDLQ VL]H RIȝP WRȝPREVHUYHGJLYHV DQ LQGLFDWLRQ WKDW JUDLQ
JURZWK KDV QRW WDNHQ SODFH DW WKH VLQWHULQJ WHPSHUDWXUH FRQVLGHUHG 7KLV PD\ EH FRUUHODWHG WR WKH FROORLGDO
SURFHVVLQJRIWKHILQH$O2 SDUWLFOHV7KHIUDFWXUHPRGHLVIRXQGWREHERWKLQWHUJUDQXODU DQGLQWUDJUDQXODULQVOLS
FDVWVDPSOHVZKLOHLWLVPRVWO\LQWHUJUDQXODULQJHOFDVWDQGPRXOGOHVVFDVWVDPSOHV
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